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critical refraction, with r E denoting the Earth radius [Ao et al., 2003; Sokolovskiy, 2003] .
In occultation events affected by critical refraction the Abel-retrieved refractivities are systematically smaller than the true refractivities [Sokolovskiy, 2003] . Second, deviations from spherical symmetry in the refractivity field N(z) cause systematic deviations as well [see e.g., Healy, 2001; Sokolovskiy, 2003] . Finally, the signal tracking process performed by the GPS receiver may induce carrier phase errors further enhancing the refractivity bias [see e.g., Gorbunov , 2002; Ao et al., 2003; Beyerle et al., 2003] . The purpose of this study is to evaluate the individual contributions of these three phenomena on the basis of observations and simulation results. To avoid the complexities of temperature and water vapor retrieval [see e.g. Healy, 2001; Marquardt et al., 2001; Kursinski and Hajj , 2001] we restrict the comparisons between CHAMP RO observations and meteorological analyses to atmospheric refractivity. The occurrence of critical refraction within the marine troposphere is investigated using an extensive data set of radio sonde observations collected aboard research vessel "POLARSTERN" and archived by Alfred Wegener Institute for Polar and Marine Research (AWI). To distinguish the individual bias contributions, results from numerous end-to-end simulations including several receiver tracking schemes were performed and their results are discussed. The outline of the paper is as follows. First the observational data sets, the "POLARSTERN" radio sonde data and the CHAMP RO observations, are introduced. A discussion of the elements forming the end-to-end simulation chain with particular emphasis on the receiver models follows. 
"POLARSTERN" radio sonde data
Starting in December 1982 the AWI radio sonde data set comprises more than 23,000 profiles observed aboard research vessel "POLARSTERN" at latitudes between 78.2
• S and 89.9
• N on the Atlantic ocean. Balloon-borne sondes measure temperature, pressure and humidity data with a vertical resolution of about 20-50 m (corresponding to 5-10 s sampling time at 4-5 m/s balloon rise velocity). Sounding aboard "POLARSTERN" is performed with Vaisala RS80 radio sondes [Vaisala, 1989] . The manufacturer quotes the following repeatabilities of calibration: 0.2-0.4
• C temperature accuracy between −90
• C and +60
• C, 0.5 hPa pressure accuracy between 1060 hPa and 3 hPa and 2% RH relative humidity accuracy between 0 and 100% RH. At low temperatures it is known that the accuracy of the humidity measurements decreases further.
Fortunately, this has only a minor effect on the derived water vapor partial pressure.
With very few exceptions [see e.g., von Engeln et al., 2003 ] critical refraction in the lower troposphere is caused by strong vertical gradients induced by the water vapor field; humidity values at high latitudes are in general too low to produce critical refraction layers.
Thus, we focus in the following on a subset of 2917 sonde profiles recorded at mid and observed pressure p, water vapour partial pressure p w and temperature T according to the parameterization [Thayer , 1974] 
with k 1 = 0.7760 K/Pa, k 2 = 0.648 K/Pa and k 3 = 3.776 10 3 K 2 /Pa. Above the balloon burst height z max the refractivity profiles are extrapolated using
using a scale height of H = 7 km. In order to reduce the humidity sensor's measurement noise N(z) is linearly interpolated on an equidistant grid with 5 m resolution and smoothed by a 50 m running mean filter. Then, N(z) and dN(z)/dz, for a given altitude z, are calculated from a cubic spline fit of the smoothed profile.
CHAMP satellite observations
As of Out of these, 156,180 observations (62.9%) pass the quality criteria implemented in the operational processing system and produce validated refractivity profiles. The latest version of the occultation processor (version 5) uses the Full Spectrum Inversion (FSI) method [Jensen et al., 2003 ] to retrieve bending angles at tropospheric altitudes. For a detailed discussion of the data processing and analysis see Wickert et al. [2001 Wickert et al. [ , 2004 Hajj et al., 2004] . Not surprisingly, the exact shape of the fractional refractivity error depends on the number of data points retrieved at a given altitude z, in the following denoted by m(z); z 50% refers to the altitude at which the number of successfully retrieved data points is reduced to 50%. If e.g. more restrictive quality control criteria are employed removing outlier observations, z 50% would increase correspondingly. In order to document this mutual dependence the profile m(z) is always plotted in combination with the fractional refractivity error ∆N/N true ≡ (N − N true )/N true .
End-to-end simulations
Starting with a refractivity profile N(z) the atmospheric propagation of a GPS signal is modelled using the inverse FSI technique [Gorbunov , 2003; Gorbunov and Lauritsen, 2004] . The simulated amplitude and phase data are converted to bending angle profiles with the FSI method [Jensen et al., 2003] . Finally, refractivity profiles are retrieved by Abel-transforming the bending angle profiles thereby closing the simulation loop [Ao et al., 2003] . The schematic of the end-to-end simulation chain is shown in Figure 2 . Optionally, a simplified signal receiver model can be inserted in the simulation processing chain.
For each receiver model 2917 simulation runs are performed using as refractivity fields the "POLARSTERN" radio sonde profiles described in section 2. 1. The GPS and LEO orbits are assumed to be coplanar and circular with radii of r G = 26, 800 km and r L = 6800 km, respectively. Thus, FSI and inverse FSI are efficiently implemented using the Fast Fourier Transform without the requirement of vacuum propagation of the wave field or the addition of phase correction terms [Jensen et al., 2003; Gorbunov , 2003; Gorbunov and Lauritsen, 2004] .
2. Since the optical path difference between interfering rays in multipath regions are much smaller than the C/A code chip length of 300 m, code modulation can be ignored for the purpose of the present study and is not taken into account [Beyerle et al., 2003 ].
The navigation data modulation, though, is implemented by random sign changes every 20 ms.
3. Doppler shifts and clock deviations related to special and general relativity are not included in the simulation. For a detailed discussion see Ashby [2003] .
4. Carrier tracking loops are assumed to perform frequency update only, phase update loops are not considered [Stephens and Thomas, 1995] .
5. Since this study is focused on altitudes below 10 km, signal propagation through the ionosphere is neglected. Without dispersion we may ignore the L2 frequency channel and the simulation is restricted to the single wavelength case.
Forward propagation
Atmospheric propagation of GPS signals is numerically simulated using the inverse FSI technique [Gorbunov , 2003; Gorbunov and Lauritsen, 2004] . Since the spatial scales of the atmospheric refractive index variations are much larger than the GPS signal wavelength (19.03 cm at L1) backscattering can be ignored and the signal propagation is determined by representing the continuous atmospheric medium by a sequence of parallel phase screens. The derivation of signal amplitudes and phases for a given refractivity profile involves two steps. First, a bending angle profile α(p) as a function of impact parameter p is determined within the geometrical optics approximation. Second, the inverse FSI method yields the propagated signal from α(p). A detailed discussion can be found in Gorbunov and Lauritsen [2004] . In our implementation of the forward model the wave field is described by 20,000 rays propagating through 2001 plane-parallel phase screens separated by ∆x = 1 km. At each phase screen the incident wave suffers a phase shift whereas the wave's amplitude remains unchanged; between screens the wave is propagated through vacuum. At the ith phase screen the jth ray is deflected by an angle [Gorbunov et al., 1996] . The full bending angle then follows from the summation
Finally, the propagated complex signal is calculated from α(p) with the inverse FSI method [Gorbunov , 2003; Gorbunov and Lauritsen, 2004] . The 50 Hz data modulation of the realvalued signal u(t) is modelled as random sign changes every 20 ms, i.e.
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with amplitude A Obs (t), phase φ(t) and data modulation et al., 2003] .
is taken to be piecewise constant for 20 ms. In order to account for deviations of the refractivity field from spherical symmetry [see e.g., Ahmad and Tyler , 1999; Healy, 2001; Sokolovskiy, 2003 ] the simulation runs are repeated with z
is taken to be
with K a = 10 m and
and µ i are Gaussian distributed random variables with zero mean and unit standard deviation. Eqn. 5 is heuristically motivated by time series of refractivity profiles extracted from the "POLARSTERN" sonde data. Fig. 3 exemplifies our heuristic approach with 10 refractivity profiles derived from soundings on 26-27 October 1990 spaced by 4-6 hours. While in general the same overall structures appear in all observations, small-scale variabilities between adjacent profiles are evident.
In particular, the disturbances at 1.5-2 km altitude appear to be shifted by several tens of meters. The altitude-dependent contribution is qualitatively described by the term
in Eqn. 5, the altitude-independent term by K b µ i . Finally, the non-spherical contributions are assumed to decrease exponentially with the humidity scale height H w = 2 km, since the disturbances shown in Fig. 3 are dominated by tropospheric humidity.
Receiver model
The receiver model tracks the signal by correlating u(t) with replica signals v I (t) ≡ cos(φ N CO (t)) and v Q (t) ≡ − sin(φ N CO (t)) yielding the inphase correlation sum I and quadphase correlation sum Q, respectively. The replicas v I (t) and v Q (t) are produced by the receiver's numerically-controlled oscillators (NCO) [Kaplan, 1996; Tsui , 2000 ; Misra
and Enge, 2002] . The NCO's frequency f N CO (t) is updated at a rate of 1/T = 1 kHz, i.e. 
We note that Φ deviations are chosen such that the signal carrier-to-noise density ratio is 45 dB Hz. From the inphase and quadphase correlation sums the receiver produces amplitudeŝ
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and total accumulated phaseŝ
The residual phases Φ R n will be discussed below (section 3.2.1). Finally, data sampling rate is reduced from 1/T = 1 kHz to 50 Hz by summation over K = 20 samples
Signal tracking is accomplished in either closed-loop or open-loop mode. These tracking modes will be discussed in section 3.2.2 and 3.2.3.
Residual phase extraction
The residual phases Φ R n (Eqn. 10) are extracted from the correlation sums (Eqn. 6 and 7) according to
or Φ R n = atan2(Q n , I n ) (four-quadrant phase extraction). where
and C 1 = 0. To prevent phase noise to erroneously introduce cycle slips, C n remains unchanged as long as the voltage signal-to-noise (SNRv) is below 40. In particular, Eqn. 14 should not be used in fly-wheeling tracking mode since fly-wheeling is restricted to low SNRv (see section 3.2.4). In the current CHAMP occultation receiver design two-quadrant phase extraction is implemented [Ao et al., 2003] . With two-quadrant phase extraction the 50 Hz data modulation is automatically taken care of, since Eqn. 12 is insensitive with respect to sign changes of I and Q [Kaplan, 1996] . With four-quadrant phase extraction (Eqn. 13) sign changes add 180
• to the residual phase. To avoid these half-cycle slips the navigation data modulation has to be removed from the signal prior to tracking. Thus, data demodulation or data wipe-off requires knowledge of the navigation message. We comment on the feasibility of data wipe-off in appendix A.
Closed-loop tracking
In closed-loop tracking the NCO frequency adjustment δf 
where Φ R i is given in radian and K 1 = 7.172 · 10 −2 , K 2 = 2.383 · 10 −3 and K 3 = 3.020 · 10 and subsequently I n+1 and Q n+1 are calculated using Eqns. 8, 6
and 7.
Open-loop tracking
Open-loop tracking is commonly considered a possible solution to the problem of premature loss of lock in closed-loop receivers [Sokolovskiy, 2001] . In open-loop mode the loop feedback δf n+1 is calculated from a model profile f (M ) , i.e.
The true signal frequency f (t) can be retrieved without loss of information provided it differs from the model frequency by not more than half of the sampling rate, i.e. |f − f (M ) | < 25 Hz at 50 Hz sampling. For simplicity, in this study the model f (M ) is taken to be ensemble average
where f j (t) is the true signal frequency derived from the jth simulation run. The onesigma standard deviation is found to be on the order of 10-20 Hz justifying a 50 Hz sampling rate in good agreement with Sokolovskiy [2001] .
Fly-wheel mode tracking
The first occultation measurements from the proof-of-concept GPS/MET mission frequently suffered from loss of lock already in the upper or mid troposphere in particular at low latitudes [Rocken et al., 1997] . To remedy this phenomenon the occultation receiver group at Jet Propulsion Laboratory developed and implemented the fly-wheeling tracking method [Hajj et al., 2004] . 
Backward model
From the amplitudes A k and phases Φ k (Eqn. 11) bending angle profiles are derived with the FSI technique [Jensen et al., 2003; Gorbunov and Lauritsen, 2004] . Finally, the bending angle profiles α(p) are inverted back into refractivity profiles N(z) using the Abel transform [Fjeldbo et al., 1971] (Figs. 7, 9 , 11 and 13) and non-spherical (Figs. 8, 10 , 12 and 14) refractivity field are performed. The fly-wheeling receiver appears to be unable to penetrate layers of critical refraction as indicated by the close agreement between dashed and solid lines in Figs. 9 and 10 . Furthermore, the qualitative agreement between simulation (Fig. 10) and the CHAMP observation (Fig. 6) suggests that the negative bias observed within the CHAMP data set below 2 km is dominated by contributions related to deviations from the ideal receiver case (Figs. 7 and 8 ) in terms of mean and standard deviation of the fractional retrieval error.
Outlook and conclusions
The large size of the CHAMP occultation data set allows now to proceed beyond the statistical analyses of zonal or global averages such as plotted in Fig. 6 . Appendix A: A note on the feasibility of data wipe-off
It was noted that signal tracking using four-quadrant phase extraction requires knowledge of the 50 Hz data bit in order to demodulate the signal. Here, we briefly discuss the feasibility of this approach. The navigation message is organized in frames of 1500 bit transmitted during 30 s. Each frame consists of five 300 bit subframes [Kaplan, 1996] . 
